It is well established that chronic excess of glucocorticoids has negative effects on bone and collagen turnover, and that secondary osteoporosis is a known clinical complication of endogenous Cushing's syndrome (CS). The aim of the present study was to evaluate bone dimension and bone mineral content in relation to biochemical markers of bone and collagen turnover, in a consecutive series of 23 patients with endogenous CS (18 with pituitary adenoma and 5 with adrenal tumor; 17 women, 6 men; mean age 39.7 Ϯ 2.8 (S.E.M.) and 44.3 Ϯ 3.1 years respectively), compared with 23 age-, sex-and body mass index-matched healthy controls.
Introduction
Secondary osteoporosis is a well recognized clinical complication to endogenous Cushing's syndrome (CS). Glucocorticoids decrease bone formation and stimulate bone resorption, the latter partly secondary to reduced intestinal calcium absorption (1) . In accord, histomorphometric studies in steroid-induced osteopenia have shown decreased bone formation rate and signs of increased bone resorption (2) (3) (4) . Bone mineral content (BMC) and density (BMD) are markedly decreased in untreated CS, with significant improvement following treatment (5) (6) (7) (8) . Biochemical markers of bone turnover have consistently shown decreased serum levels of formative parameters (7, (9) (10) (11) (12) , whereas the resorptive markers, so far, have been inconclusive. In a recent study of normal subjects treated with prednisolone (20 mg daily) (13) , a prompt decline in formative markers was shown, whereas renal calcium excretion was markedly increased, as was serumparathyroid hormone. Prednisolone decreased the serum marker of bone resorption (carboxyterminal cross-linked telopeptide of type I collagen (ICTP)) but not the urinary markers used (hydroxyproline and crosslinked N-telopeptides of type I collagen).
The aim of the present study was to evaluate bone dimension and BMC, in relation to biochemical markers of bone and collagen turnover, in a consecutive series of patients with endogenous CS. 
Methods

BMC, BMD and area measurements BMC and BMD
were measured in the lumbar spine (L2-L4; anteriorposterior), the left femoral neck and non-dominant forearm using dual-energy X-ray absorptiometry (DEXA) (Lunar DPX-L, software version 1.31, Lunar Corporation, WI, USA). BMC and BMD are expressed in g and g/cm 2 respectively. For each bone region measured, area in cm 2 was determined. The software uses a 'threshold' technique to determine if a data point is either air, tissue or bone. The cuts define a region, separating out data points into each of the defined locations. The software adds up the bone data points for a region and calculates the area based on the sample size of the bone point.
In addition, total body determinations of BMC and BMD were evaluated in 12 of the patients (8 woman and 4 men) and 12 age-and BMI-matched controls, and area was calculated for the total body and the subregions of arms, legs and trunk.
All subjects were weighed and measured, without shoes, and while wearing light clothing. All metal objects (buckles, watches, zips and jewelry) were removed before body composition was measured. The entire body of each subject was scanned, beginning at the top of the head. A different scan mode was chosen with respect to each subject's body size, as suggested by the manufacturer's operation manual. Mean measurement time was 20 min. According to the manufacturer, total body determinations of BMC and BMD have a low precision error of ϳ1 and 0.5% respectively, independent of the operator.
Biochemical measurements Blood samples were drawn after an overnight fast, and were centrifuged immediately after collection and serum stored at -80 ЊC until analyzed.
The bone formation markers osteocalcin, carboxyterminal propeptide of type I procollagen (PICP) and aminoterminal propeptide of type I procollagen (PINP), and bone resorption markers serum Crosslaps (s-Crosslaps) and ICTP and the fibroblast marker aminoterminal propeptide of type III procollagen (PIIINP) were determined in addition to serum cortisol. All samples were run in duplicate.
Serum cortisol, serum PIIINP, serum PICP, serum ICTP and serum intact PINP were measured by RIA, using commercial kits from Orion Diagnostica, Espoo, Finland.
In our hands, the intra-and inter-assay coefficients of variation (CVs) for cortisol were 3.3, 2.8 and 2.9% and 2.9, 2.7 and 3.1% for low, medium and high levels respectively. Osteocalcin was measured by IRMA, with a commercial kit from Incstar Corporation, Stillwater, MI, USA. The assay measures intact osteocalcin 1-49. The intra-assay CVs were 6.6, 5.4 and 6.1%, for low, medium and high levels. The inter-assay CVs were 11.2 and 4.1% for medium and high levels. The corresponding intra-assay values for PICP were 4.0, 3.6 and 5.2%, with an inter-assay CV of 6.9 and 11.2% for low and high levels. The intra-and inter-assay precision for low, medium and high levels of PINP were, according to the manufacturer, 8.5, 8.0 and 13.7% and 3.1, 4.6 and 8.2% respectively.
Degradation products of the C-terminal telopeptides of Type I collagen (Crosslaps) were measured in serum with a commercial ELISA (14) from Osteometer Bio-Tech A/S, Herlev, Denmark. The intra-and inter-assay CVs were both 6.1%. The intra-assay precision for low, medium and high levels of ICTP were 8.7, 2.1 and 4.5%, and inter-assay CVs 3.9 and 5.8% for low and high levels respectively.
The intra-assay CV for PIIINP was 2.6 with an interassay CV of 8.7%.
Statistics
Comparisons between variables in the two groups were performed by Mann-Whitney rank sum test for unpaired data. Relationships between variables were tested using Spearman's rank correlation test and the level of significance was set at P < 0.05.
Results
The clinical characteristics of patients and controls are given in Table 1 . Serum levels of cortisol were significantly higher in CS (57%, P < 0.001) compared with controls.
Osteodensitometry
BMD was significantly decreased in the lumbar spine (16.1%, P < 0.001) and femoral neck (15.2%, P < 0.001), in patients with CS ( Table 2 ). Total body BMD was significantly decreased in the patient population (11.5%, P < 0.001), as were the subregions of arms (8.4%, P < 0.05), legs (10.1%, P < 0.05) and trunk (15.8%, P < 0.001). Similar results were observed for BMC, only they were less prominent, and BMC of the arms did not reach significance (P = 0.24). The calculated area was significantly decreased in trunk (13.8%, P < 0.01) and total body (11.6%, P < 0.05). The other regions were decreased.
Biochemistry
Serum levels of osteocalcin were significantly decreased (28%, P < 0.03) in the patients compared with controls. No significant differences were observed in the other formative markers ( Table 3) .
Markers of bone resorption, s-Crosslaps and ICTP, were increased in patients compared with controls (38 and 12% respectively), although only significantly for Crosslaps (14%, P < 0.02). PIIINP was insignificantly (P < 0.08) decreased in the patient population compared with controls.
Relationship between bone and collagen markers
In patients with endogenous CS, serum osteocalcin was highly correlated with the bone formative marker 128 K Godang and others EUROPEAN JOURNAL OF ENDOCRINOLOGY (1999) 141 PINP, but not with serum PICP (Table 4 ). This relationship was also observed in the control group but it was less prominent. PICP and PINP correlated in both the patient and control populations. The bone resorptive markers s-Crosslaps and ICTP correlated in both groups. There were no significant correlations between bone resorptive markers (ICTP and s-Crosslaps), and the bone formative markers (osteocalcin, PICP and PINP) in patients with CS. In the controls, a stronger relationship between resorptive and formative markers was found. Specifically, s-Crosslaps correlated significantly with osteocalcin and PINP, and ICTP with PICP. There were no correlations between bone markers and the non-bone collagen marker, PIIINP, except PICP, where a significant relationship was observed for controls.
Discussion
In this cross-sectional study of a series of consecutive patients with endogenous CS, compared with a closely matched control group, BMC and BMD were uniformly reduced in the different regions analyzed. This is in accord with previous studies (5) (6) (7) (8) and reflects decreased mineral content in both cortical and trabecular bone. Moreover, the study describes decreased bone area, significant in the trunk and entire skeleton.
Bone dimensions, as measured here by the DEXA technique, reflect the continuous periosteal, appositional growth, influenced by endo-and paracrine factors. The decreased bone area found in this study may be caused by the continuous effect of glucocorticoid excess on the periosteal bone formative process; that is, decreased periosteal osteoblastic function. This is in accord with a previous study showing pronounced inhibitory effects of cortisol on DNA synthesis in the periosteum of rat calvariae after long-term exposure (15) . This effect was generalized, suggesting effects on both progenitor cells and osteoblasts, indicating failure to replace osteoblasts from the periosteal osteoprogenitor cells. In an analogous fashion, bone dimensions are increased in active acromegaly, which is characterized by a chronic excess of growth hormone, followed by stimulation of periosteal growth (16) .
Osteocalcin is the most specific serum marker of bone formation, mainly produced by osteoblasts. It is related to the late mineralization phase of the formative process, although the function of this most prominent, non-collagenic protein of bone is virtually unknown (17) (18) (19) . The serum level is influenced by renal function (20) but otherwise well correlated with bone formation, as judged by histomorphometry (21) and calcium kinetics (22) . This study confirms the findings of previous biochemical investigations (7, (9) (10) (11) (12) indicating decreased bone formation in endogenous CS. The low serum level of osteocalcin cannot be explained by alteration in renal function, as it did not differ between patients and controls. The two other formative markers used (PICP and PINP) were not significantly different in the patients in this study. The extension peptides of the Type I procollagen are expressed early in the bone formative phase (18) . They have so far shown poor sensitivity as formative markers in osteoporosis (23) , as in various other metabolic bone diseases, although they are increased in hyperthyreosis and primary hyperparathyroidism (24). The tendency of an increased level of PICP, in spite of an expected decrease in this study, as found by others (7), may be explained by decreased hepatic clearance in CS. PICP is eliminated from the circulation by the mannose receptor on liver endothelial cells (25) , whereas the N-terminal procollagen (PINP) is cleared by the scavenger receptor (18) . The different mode of elimination of the three formative markers may explain the relatively weak correlations between osteocalcin and PICP, and between the two procollagens (Table 4 ). Biochemically, bone resorption is normally evaluated by urine analyses. However, we had only the opportunity to run serum markers in this study. The most specific of these, s-Crosslaps (14) , was markedly increased in the patient population, whereas ICTP was insignificantly increased. However, the value of ICTP as a true resorption marker has been questioned (26) . In accord with our results, the classical, although rather non-specific resorption marker, urinary hydroxyproline has been found to be increased in CS (9) . Our finding is substantiated by the correlation analyses (Table 4) . Normally, a tight correlation between formative and resorptive markers exists, reflecting the coupling principle between formation and resorption. We found a significant positive correlation between resorptive and formative markers in the controls, as expected. In the patients, however, not even a trend was found. Again, precautions have to be taken against elimination kinetics in the patients. In addition, biochemical markers of bone turnover exhibit intra-individual variation, and stronger correlations might be accomplished if blood sampling was performed on two separate days and a mean value for each marker was used. We acknowledge the cross-sectional design of the study as a limitation, and that long-term longitudinal studies, prospectively following patients after successful surgery, should be performed in the future.
In conclusion, bone dimension and bone mineral content of the entire skeleton is found decreased in endogenous CS. As judged by biochemical markers of bone remodeling, this is caused by decreased bone formation and increased bone resorption. Further histomorphometric analyses is needed to elucidate the pathophysiological mechanism underlying the results.
